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ABSTRACT 


A rotating two-phase termosyphon fitted with a copper 
condenser section was tested at 700, 1400, and 2800 RPM 
Mmoume wWaper, ethanol and @reon 113 as working fluids. Both 
experimental and theoretical heat transfer rates were 
determined. Agreement between theory and experiment was 
Peed atu low rotational speeds and improved as the rotational 
speed increased. 

The effects of having noncondensable gases present in 
the condenser were evaluated experimentally using water as 
a working fluid. It was found that a small amount of non- 
condensable gas slightly degraded performance at low 
rotational speeds but significantly lowered the heat 
transfer rates at high Ec Oa Seeeds. 

Heat transfer rates with water were increased by 
meomoulng GroOpwise condensation, using a thin coating of 
Petcone Preacsce, These results, though consistently higher 
me results for filmwise condensation, showed poor 


repeatability. 
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L. INTRODUCTION 


A. THE ROTATING TWO—-PHASE THERMOS YPHON 

The rotating two-phase thermosyphon aiso called a 
moevaving mOoncapillary heat pipe, is a heat transfer device 
that can be used to cool a rotating component such as a 
Meroe Shlafit Or a heh speed bearing. This device, as 
mieristraved in Figure 1, consists of a truncated cone- 
Mmiwoemoomceiser, toe large €nd of which opens into a 
merinarical—shaped evaporator. This closed system contains 
pevolume Of working fluid sufficient to prevent burnout of 
the evaporator. 

When the thermosyphon is rotated above a critical 
speed, the working fluid forms an annulus in the evaporator. 
Heat input to the evaporator causes some of the working 
mento FO Vaporize and this vapor is drawn into the condenser. 
Mevernal cooling of the condenser allows the vapor to 
mencense on the inner condenser wall. The centrifugal force 
ague to the rotation has a component acting along the 
memeectiser wall whach accelerates the condensate back into 


mae Evaporator. 


Eee BACKGROUND 

Pevieorecical model of the thermosyphon operation, using 
film condensation theory was developed by Ballback [1], and 
was subsequentiv modified by Daley, Newton, and Schafer 


eee). The approximate solution of the model consists of 


{ 
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Peer ereocdecrrOoremmary difierential equation: 


Gee ers immgy Ct -T (x) ) 


dv _ ev sin 6 
ax 6(x) e 2 ~ R 
o [ + + —] Roh 


Mme must be solved Simultaneously with a cubic 


equation: 


5° eet De WeR® 
= R sin ¢ [ppw'R + a PF age yap 0 





it 


mine re iff heterlonmtaccor Mim TLIe wyapor space .sdimensioniless 
h = latent heat of vaporization in Btu/lbm. 


avira Mmeconguecclyity of the liquid in 
Bie atc ft. it 


MP a-EnemeriIrr@cemauctcivitcy Of the condenser wall in 
itat, taneemint i 


q = heat transfer rate in Btu/hr. 


R(x) = internal condenser radius in feet 
Ry = minimum internal condenser radius in feet 
De = vapor saturation temperature in °F 
ee) = outer condenser wall temperature in °F 
te neencenrser Wall thickness in feet 
Mow@momvetocity Of Vapor in ft./sec. 
Moonee hee meme asirine distance along condenser 


length in feet 
6(x) = coordinate film thickness in feet 
See-edert COnewancie in radians 
= density of the liquid in lbm/frt. 2 


0. = density of the vapor in lbm/ft.> 





Wate VasCOcwuy or tne Liquid in Jbm/ft.sec. 


W 


angular velocity in radians/sec. 


Once 6(x) is known, the heat transfer rate can be 


calculated from the energy equation: 


am(Ro+x sin Gy nC TX) ) ax 


_ Sy = 


Ke ee 


MecCOnpurer proeram ee solves these equations was 
developed by Schafer [4] to determine the predicted values 
Or the heat transfer rate. This program was used on 
Seevavlish the theoretical values of heat transfer in this 
work. 

Eeperimnenus Using the thermosyphon have been performed 
by Newton [3], Woodard [5], and more recently by Schafer 
[4]. Three major problems with the previous experiments 
were (a) insufficient instrumentation of the outer condenser 
wall, (b) excessive electronic noise levels on the condenser 
wall thermocouples, and (c) vacuum leaks in the sealed 
Chermosyphon which allowed noncondensable gases to enter 


mee system. 


mee PHESIS OBJECTIVES 

ie principal cbjectives of this thesis were to 
(a) instrument a copper condenser and measure the outer 
wall temperature profile, (b) eliminate the noise level 
Meesciy OM Lre concenser allowing accurate temperature 


measurements, (c) establish a leak free system to allow 
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evalVavlon of the effects of noncondensable gases on system 
performance, (d) compare the performance predicted by the 
theoretical analysis to the experimental performance using 
emCOpper comecenser section and using water, ethanol and 
freon 113 as working fluids, (e) compare the performance 

Of the copper condenser to the performance of both the 
copper and stainless steel condenser performance obtained 
by Schafer [4], and (f£) compare thermosyphon performance 
for filmwise condensation to the performance for dropwise 


condensation. 


te 





II. EXPERIMENTAL EQUIPMENT 


fee) DEOCRIPTION OF EQUIPMENT 

Heat input to the evaporator was provided by a 
resistance heating element wrapped around the evaporator 
eeesnow) in Figure 2. Power was supplied to this heater 
meemearce) VOlt A.Cy 200 ampere source through a 100 ampere 
breaker to eight graphite brushes riding on two brass 
collector rings which were wired directly to the heater 
Pr eonvuweeneotctamce Load banks in series with the heater 
ewement Were used to control the power to the heater. A 
series-parallel arrangement of six load bank units allowed 
ne power to be varied from 0.20 kilowatts to 8.33 kilowatts. 
Higher power could have been achieved by using additional 
load banks. 

PaecwcOMeccncer Was SUrrounded by a sealed insulated box. 
Garlock seals at each end of the .condenser kept the cooling 
water from leaking out. Nozzles placed around the inside 
Seecme DOx Sprayed filtered tap water on the outer condenser 
meriace and Crains in the bottom of the box collected the 
eeolines waver. The inlet and outlet cooling water tempera- 
Peres were measured along with the cooling water flow rate. 

Hie = cthermosyonon was rotated in two bearings by a three 
phase variable speed motor with a v-belt drive. A sixty 


meoul fear Mounted On the thermosyphon drive shaft near a 
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variable reluctance pickup provided a means of measuring 
rotational speed. The number of teeth per second counted 
was numerically equal to the rotational speed in revolutions 
Der WMinuve. 

Yew enic Ol "ene Gvaporavor opposite the condenser 
contained a viewport consisting of two glass disks with an 
Pun oeace Ve vVecelmuaem vO prevent Togeing. A strobe light 
Shined through this viewport and when synchronized to the 
Porronldiespeed, allowed observation of the bolling action 


in the fluid annulus and the condensate in the condenser. 


Bee UNSTRUMENTATION 

All thirteen thermocouples used were made from 30 gage 
Kapton insulated, copper-constantan wire. They were made 
Byuelusineg a bead between the copper and constantan leads 
with an argon arc thermocouple welder. The two thermo- 
eouvples used to measure saturation temperature in the 
evaporator were sheathed in four inch lengths of .0625 inch 
diameter stainless steel tubing. The end of the tube 
containing the bead was sealed with solder. 

The thermocouple leads were cut to length and soldered 
meieo pone male end of one of three pin connectors. Teflon 
Peeeea CODper and constentan leads from the rotating disks 
eee ne irercury Slip ring unit were run down the length of 
iewniol how drive shaft and out of the shaft near the 
condenser end piece. Here they were soldered into the 


female end of one of the three pin connectors which were 
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then mounted to the condenser end piece. The stationary 
portion of the slip ring unit was connected via copper 
constantan wiring, to a Hewlett Packard data acquisition 
Pomme Chmeonstoled Of, an integrating digital volt meter, 
mec cLocteGabasampliiier a crossbar Scanner, and a digital 
mecorder. In addition, an oscilioscope was used to observe 
Macwelectronic noise level of the thermocouple voltage 
etc. Meo eom lle ocu” bie™acsemolynolr=™>hrs= portion of the 
system. 

The condenser wall and vapor space thermocouples were 
waen Calloraveda through the system described above. This 
Meany thas the envare System, rather than just the thermo- 
pouples, was Deine Calibrated. Calibration was performed 
in a Rosemont constant temperature bath using a platinum 
resistance thermometer as a standard. A graph of thermo- 
couple error as a function of thermocouple reading was 
meeeLLea 1Or Cach thermocouple channel to be used to correct 
experimental readings. 

The inlet cooling water thermocouple was sheathed in a 
Poe imeem length of ,0625 inch diameter stainless stell 
tubing end the bead end was sealed with low temperature 
stiicone rubber. The outlet cooling water thermocouple was 
actually five thermocouples, each sheathed in a short length 
Sue0o25 inch diameter stainless steel tubing. All five 
Rae ce eroem passed Through a four inch length of .125 
inch diameter stainless steel tubing and then connected in 


Hot emMcwEro prOoviqe an averace reading. The leads from 





these thermocouples led to a thermally insulated junction 
board. Copper-constantan wire connected this junction 
board to the data acquisition system. 

These cooling water thermocouples were calibrated in 
an insulated container filled with distilled water uSing a 
set of gas filled mercury thermometers accurate to +.1° 
Fahrenheit as a standard. Again a plot of thermocouple 
error versus thermocouple reading was made. | 

iMewr@Ovamester weed tO measure the flow rate of the 
cooling water was calibrated by pumping water through the 
cooling water system and noting the rotameter reading. 
mie i lewewas direéeved into a container for a measured 
miemie ol soime cna tie Water in the container was weighed. 
A plot of rotameter reading versus mass flow rate completed 
eae calibration. 

The thermocouples were now installed on the equipment. 
Condenser wall thermocouples were soldered into slots cut 
Mage une —cOpper condenser at nine longitudinal positions, 
Magee os 4.05, 5.61, 6.98, 7e44, 7.8) 8.31, ana 8.69 
inches from the closed end of the condenser. The vapor 
Space thermocouple sheaths were soldered into holes going 
from the cooling water space through the evaporator wall 
into the evaporator vapor space. Cooling water thermo- 
Peouptes were insvalied in their respective mixing boxes 
using fittings which sealed around the stainless steel 


tubes. 
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C. THERMOCOUPLE NOISE REDUCTION 

(oy weMamnemietse Stare indicated that significant 
noise levels on the condenser wall thermocouple signals 
appeared only when the thermosyphon was rotating and power 
was applied to the heater element. Noise increased with 
both increased rotational speed and increased heater power. 
Inspection of the collector rings and graphite brushes 
revealed a significant amount of runout in the Crone eee 
fames; the brushes were making contact only over a fraction 
of their total surface area. 

The brushes were removed and the collector rings were 
meroniied to reduce the runout Co about one thousandth of an 
Zee ine orusnes were sandged to the exact contour of the 
Bollectcr rings and both rings and brushes were polished. 

The brush assembly was reinstalled and the equipment was 
run while a polishing compound was applied to the collector 
ere oevO l1acilitave the wearing in of the brushes to the 
nes. 

Every Orusm wes mow making contact over nearly alli of 
its available area and while the noise level was significantly 
meauced, it was Still unacceptably high. Increased rotational 
speed was still accompanied by increased noise but increasing 
meer 1O Longer seemed to change the noise level. 

Next, the condenser was electrically grounded by 
Peounding the copper lead of one of the thermocouples 


merce red CO its SUriace. This significantly reduced the 


1 





noise on all thermocouples except the one providing a 
meer@on Lomaveola Chis problem, the copper leads of two 
condenser wall thermocouples were wired through a three way 
seen to sround in such a way that either one or the other 
Sr neitvhner thermocouple could be used to supply the ground. 
PeoomulieuMNerrGilscovered that by installing a twenty 

microfarad precision capacitor across the digital voltmeter 
mopue, vhne remaining noise could be reduced to less Chan 
twenty microvolts which was considered an acceptable level. 
me Gifital voltmeter integrated out the remaining noise 


and presented steady, accurate thermocouple readings. 


Pee SYSTEM LEAK ELIMINATION 

The system was sealed and pressure tested using nitrogen 
meso et 30 pounds per square inch, gage pressure. A rapid 
loss of pressure revealed the presence of leaks. Reseating 
me ering seals and applying soap to joints failed to pinpoint 
mae teaks. Pressure testing was abandoned in favor of a 
mecuum leak detector. 

tmoevacwum Leak detector operatec by pumping gases 
imeem the system through an electronic tube with a helium 
Mmeiotvive praid,. Leaks could then be pinpointed by blowing 
helium in the immediate vicinity of a suspected leak and 
observing the reaction of the helium detector tube. Leaks 
in the evaporator solder joints and in one evaporator 
instrumentation hole were found and repaired. The heat 


Pipe was then pumped down to the maximum vacuum the test 
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equipment could reach and the area surrounding the heat 
pipe was saturated with helium. No helium was detected 
by the helium detector so the system was determined to be 


leak free. 


E. INSTALLATION OF THE VENT 

Mine Tinal modification was the installation of the vent, 
@= "shown Bajgurc 3. -The«~vent was a one eighth inch hole 
Grilled through the condenser endpiece which allowed the 
condenser to be vented to the atmosphere. This hole was 
Moi hy  uareaded the first part of its length, then its 
Giameter was reduced leaving a shoulder to act as an "0" ring 
Pern lo omc lleoremole theme continued into the condenser. 
A set screw with an "0" ring mounted on its end was screwed 
iGo the threaded portion of the hole until the "O" ring 
meee CoewsnOonulder, closing the vent. The vent could 
mmeieoe Opened by Simply backing out the set screw while 


ee tLhermosyphon was stationary. 
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ie oe AT PROCEDURE 


A. PREPARATION OF CONDENSER WALL 

"Frver to running, the inner condenser wall was 
mechanically cleaned with emery paper then polished with 
pMecesolvety limer @rades of emery paper, alumina polishing 
SopoundesanGd tinaedy a slurry of jeweler's rouge. It was 
Mmoreneceessary fo dO this prior to every run but only when 
the condenser became excessively oxidized. 

LOMO atnemelinvice Condensation, a chemical cleaning 
procedure was used which was a modification of a procedure 
used in preparing copper for electroplating [6]. The steps 
ma une Cleaning are as follows: 


a elec Ue rmOSyp10n FCO a nearly vertical position. 


Pn eer Toone vapOravor yiewports removed, fill the 
eondenser with trichloroethylene and scrub with a 
Pogue prush. 


ec. Drain and rinse with tap water. 


aq. Fill the condenser with a mixture of equal parts of 
ethyl alcohol and fifty percent solution of sodium 
hydroxide warmed to 180°F. 


Swe lraineand rinse with tap water. 


imi pae weoraenoer With ten percent sulfuric acid 
solution and scrub with a bottle brush. Do not leave 
Miecmoulitetesacta in the condenser longer than five 
minutes. 


ge. Drain and rinse with tap water. 
h. Rinse three times with distilled water. 


Tilt the thermosyphon back to the horizontal position 
ama allow the interior to dry. 


The condenser could be prepared for dropwise condensation 
Dy applying a thin coat of silicone vacuum grease evenly over 


the inner condenser surface. 


on 





B. FILL PROCEDURES 

Sore rom iene vie LoNermoOsyphon was sealed. The glass 
end windows were cleaned with an antifogging glass cleaner 
migeansctvalled With the appropriate “O'" ring, gaskets and 
retainer ring. The bolts of the retainer ring were torqued 
to thirty inch-pounds in ten inch-pound steps to avoid 
cracking the glass windows. 

aes steaidara itllineg procedure utilized the fifi] apparatus 
illustrated in Figure 4, connected to the vacuum system and 
momcne bmemmosyphnon as Shown. With the apparatus in position 
one, the vacuum and thermosyphon valves were opened allowing 
meet nermosyphon to be evacuated, usually down to a pressure 
Ou Eralline millimeters of mercury. The thermosyphon valve 
hes then closed and the fill apparatus was rotated to position 
2. The reservoir valve was then opened, allowing the vacuum 
to degas the working fluid for three to five minutes. Once 
the working fluid was completely degassed, the vacuum valve 
Wes closed and the fill system was returned to position one. 
The fill system was then raised above the thermosyphon and 
the thermosyphon valve was opened allowing the working fluid 
mem thOow J1to the thermosyphon. All valives on the filling 
System were closed as soon as all the working fluid was in 
mee tCnermosyphon. The glass tube through the glass end 
Peeaows Was sealed off by heating a small section of the 
Myoe With an oxyacetylene torch until the glass melted. The 
Vacuum within the glass tube caused the molten glass to 


eollapse inward, sealing the tube. 


ee 
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itormmeommbie runs, this Standard fill procedure was 


followed by a venting procedure. Venting was accomplished 


in the following manner: 


a. 


Tilt the thermosyphon to a 45° angle with the evaporator 


end down. 

Depew mlovapus Of DOWer Fo the heater until the 
saturation temperature in the thermosyphon is 
approximately 10 degrees above the known saturation 
temperature of the particular working fluid at 
atmospheric pressure. This means that the internal 
thermosyphon pressure is now slightly above atmospheric 
pressure. 

Back out the vent screw allowing some working fluid 
Maier seOucscane.. Control the flow of the vapor with 
Moin mmisciwnie carciui TO Keep the pressure in 
the thermosyphon above atmospheric pressure. 
VOleemoreuliree vOuriye Minutes. Turn off the 
electrical power and reseat the vent screw. 
hevuleimeede Thermos yonon to the horizontal position 


een vUiciewOol Tne  COOltaeeWeater tToOnthe condenser. 


Another fill procedure used was the fill, pump, and 


seal procedure. The working fluid was placed in the thermo- 


Sypnon at atmospheric pressure. The vacuum system was then 


Semieccred and the thermosyphon was pumped for approximately 


one hour. The system was then sealed as in the standard 


run. 
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RUN PROCEDURE 


With filling completed, the system was ready to be run. 


The standard run procedure was as follows: 


ae 


Open cooling water supply valve and valve to bearing 
cooling water line. 

Start the cooling water pump and adjust the pump 
output pressure regulator to set the rotameter reading 
aun temerity Dercent. 

Oil the evaporator bearing. 

Enereize anc start the drive motor. Increase speed 
to 1100 RPM and insure the annulus has formed in the 
evaporator. 

Set rotational speed to the desired value. 

Let the system reach steady state and take zero nower 
thermocouple readings and cooling water flow rate, 
also noting the tachometer reading. 

set power to heater to desired level and allow the 
Syovem to come to Steady state. Take tachometer, 
e00ling water flow rate, and thermocouple readings. 
Repeat step g. for each power level desired. 


Repeat step f. 


The only variation from this run procedure was when the 


meansienv response was taken. With the system running at a 


piven rotational speed and an input power of two kilowatts, 


the power was instantaneously secured. Vapor thermocouple 


readings were recorded at specific intervals of time from 


en 





the step change in power. This process was alSo repeated 
for the case of instantaneously increasing power from zero 


to. two kilowatts. 


D. DATA REDUCTION 

Date Vas reaquced Dy first correcting the actual thermo- 
couple readings using the calibration curves and then 
@emverting the voltage readings to degrees Fahrenheit using 
copper-—constantan thermocouple conversion tables. Percent 
flow rate was converted to pounds per hour uSing the 
melee vereCalloratson curve. Heat transfer for each run 
Was calculated as the product of the cooling water mass flow 
rate, the difference in temperature between cooling water 
Mmeeveaia Outlet, and the specific heat of the cooling water, 
assumed to be one BTU per pound per degree Fahrenheit. LO 
eorrect for heat generated by friction in the garlock seals 
Mmiies cue LO VLSCOUS dISSipation of the cooling water, 
the average zero power heat transfer rate was subtracted 
mec tne calculated heat transfer rate. 

itm eniemorearclveq Meal transfer rate, the voltage 
fmeagings of the condenser wall thermocouples were corrected 
mmerconver.ea Co degrees lahrenheit. These temperatures and 
maelr corresponding longitudinal position along the condenser 
were input to a least Squares polynomial approximating 
Eompuver program. The second order Polymomual obteined from 
this program was used as an input to the theoretical program. 


Beco iputoe Lo cies tneoretical program were saturation 
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Pomeerauures, rOLavtOnal Speed, properties of the working 
fiuid and geometry and properties of the condenser. The 
theoretical program gave a predicted heat transfer rate as 
SucputL. 

Both experimental and theoretical heat transfer rates 
were plotted as functions of saturation temperature. 
Condenser temperature was plotted as a function of longi- 
tudinal position on the condenser and the approximating 
polynomials were plotted on the same graphs to show how the 
Pap rOoximacion compared to the actual data. 

eet miiccnolmetbaTreeponmse runs, the Saturation thermo- 
meno re voOolCTape readings were corrected, converted to degrees 


awerennel:, and plocved as a function of time. 


ef 





IV. PRESENTATION AND DISCUSSION OF RESULTS 


Pee RSrEATABLLITY OF RESULTS 

A plot of heat transfer rate versus saturation tempera- 
muee tor Several different runs is presented in Figure 5. 
Meee sunal there 1S very good repeatability even though 
three different fill techniques were used and the system 
was allowed to set idle for twenty-four hours between 
Pmeerige and running in one case. The difference between 
Miiemruda MOWevyer, ds greater than the experimental error 


momeie pNysical characteristics did change with each fill. 


B. EFFECTS OF NONCONDENSABLE GASES 

Peierls ps Oceaure was used for this study, 
but the interior pressure of the thermosyphon was deliberately 
Kept at one micron of mercury at the time it was sealed 
leaving some noncondensable gases in the thermosyphon. The 
thermosyphon was run at 700 and 2800 RPM. The system was 
then vented to remove the noncondensable gases and the runs 
at 700 and 2800 RPM were repeated. Figure 6 shows a 
comparison of these runs. 

The presence of noncondensable gases in the condenser 
medaquces the heat transfer rate of the heat pipe. When 
fmiaiiie with noncondensables present, what appeared to be 
a dry area of condenser wall was observed through the view- 
Petros. lnis area extended from the endpicce for about one 


men alone tie condenser wall all around the circumference 
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Of the condenser. This effect was probably the noncondens- 
able gases blanketing the condenser wall, reducing the 
surface available for condensation, and thereby reducing 

mime neat transter rate. A gpreater reduction in heat transfer 
rate occurred at high rotational speeds, probably because 

the increased centrifugal force caused the blanket of 
moncondensables to flatten out over even more condenser 


surface. 


Oe WALL TEMPERATURE PROFILES 

Three different wall temperature profiles are shown in 
Figures 7, 8, and 9. Distance zero corresponds to the end 
mecme condenser farthest from the evaporator. Temperatures 
would be expected to continuously increase with increasing 
mec CcelConeome “condenser ema@piece,. Higure 7, which is 
eeproiile for zero power input and 700 RPM, shows that the 
temperature reaches a minimum somewhere near the middle of 
the condenser. The reason for this discrepancy is due to 
mee irictional heat generated by the Garlock seal located 
near the condenser endpiece which raised the eemperevuure 
Seecais end. 

Meme tee vowei lots Trictional heating were expected to 
become less significant as heater power was increased. This 
was exactly what did happen as shown in Figure 8 which is 
a profile at five kilowatts heater power and 700 RPM. Note 
baet in this case the temperature is greater at the evaporator 
Bae emma Clem xero end Of the condenser and that the low 


point of the temperature profile has moved toward the zero end. 
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At higher rotational speeds, even more frictional heat 
mmooweraveags although higher power levels are also possible 
SOmue@aceune profile Shown in Figure 9 for eight kilowatts 


and 2800 RPM is very similar to Figure 8. 


iB), COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS 

Runs were made at 700, 1400, and 2800 RPM, using water, 
Pemonel., and ireon V1l3 as working fluids. The. equipment was 
filled by the standard fill procedure and vented for each of 
these runs. Graphs depicting the experimental results and 
the predicted results for 700 and 2800 RPM runs with all 
moaree fluids are presented in Figures 10, ll, and l2. 

ihe experimental heat transfer rate was less than 
Predicted when water was used as the working fluid. Also, 
the agreement between experiment and theory improved at 
mmoner rotational speeds. 

Mewmwerteaiowedas the working fluid, the experimental 
performance was Significantly greater than predicted. Again 
in this case the agreement between experiment: and theory 
empears tO improve at greater rotational speeds. 

ieee weace ol treo) 113, the theoretically predicted 
results and the experimental results agree within the 
Seer imenteal @ccuracy. The trend to better agreement between 
experiment and theory at higher rotational speed is less 
m@ovuous but Still appears to occur. 

Pierce ware ao MimDer wer DOsSstbleereasons for the disagree- 


ment between the experiment and predicted results. One 
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reason why the experimental data is less than predicted 
ieeemweeoe Unau Une vapor traveling up the center of the 
@emecnser 1S entraining the returning condensate, building 
Heme unicker condensate layer thereby reducing the rate of 
Peacemeranorer trom the condenser. 

Comparing the predicted vapor velocities for all three 
working fluids at saturation temperatures near 100°F and 
2800 RPM, water vapor is traveling approximately 47 feet 
per second, ethanol vapor 6.8 feet per second and freon 
we@er at 1.3 feet per Second. The higher velocity 
experienced using water as the working fluid would lead to 
more entrainment of condensate and hence to an experimental 
heat transfer rate lower than predicted. At the relatively 
iower vapor velocities experienced by ethanol and freon, 
entrainment might not be significant. 

oho eereraneenaimapeeds, the greater centrifugal 
merce Of) the returning condensate could be overcoming the 
entrainment phenomenon. This would lead to the improved 
epreement at higher rotational speeds observed in the 
ifeouilts for water. 

A second possible explanation for the experimental heat 
meansier rates being lower than predicted involves the 
Seeroitron at the exit of the condenser where the condensate 
returns to the evaporator over a sharp corner. In studying 
Peeriiar corner situation, Nimmo and Leppert [7] found that 


eeomooth, rounded corner and a fluid with low surface 


BS, 








poiiohenerestilveim a relatively thin film upstream of the 
omer. I nereesing the Surface tension of this fluid 
miereases the upstream film thickness and replacing the 
meemded corner with a squared corner, Such as the one used 
in this experiment, tends to exaggerate the surface tension 
Paerect. 

At 100°F, the surface tensions forwater, ethanol and 
Maaemeiese are .U05, .0015, and .00T5 pounds force” per’ Toot 
memoectively. Therefore, the relatively high surface 
benoton ol water, exaggerated by the squared corner could 
mean the thickness of the water film in the condenser is 
Peeeuver than predicted, leading to heat transfer rates less 
than predicted. At the lower surface tension values of 
memeaiol and frecn 113 this effect of the corner shape on 
frim thickness would be less significant. 

The theoretical analysis is based on the assumption that 
the condensate film is laminar. <Any turbulence in this film 
would increase the heat transfer rate. In addition Bird, 
Steward, and Lightfoot [8] found that even ripples on the 
mieaace Of an Otherwise laminar film increase the heat 
Meenster rate. This could explain how the experimental 
heat transfer rates could exceed the predicted values. The 
maereasea centrifugal force on the condensate film at 
mmereasea rovational speeds could be causing the film to 
Mmevave 140 a more laminar manner, accounting for the slightly 
Bevtecr agreement between experiment and theory at higher 


motvacvional speeds. 


NO 











Another assumption made for the theoretical analysis 
is that all condensation takes place on the condenser wall, 
Poarorimeedmy COndensation on the condenser endpiece, or 
meses viewoory. The fact that some condensation did occur 
on Bese surface could further explain the casSes where the 
experimental heat transfer rate was greater than predicted. 
Emeeenermore, at increased rotational speeds, with increased 
heat transfer rates, this heat transfer out the ends would 
Peeless SiIpHnificant Part of the total heat transfer, 
feroine tO the improvement in agreement at higher RPM. 

One last possible scurce of disagreement between the 
experimental and predicted heat transfer rates is the 
PecumpLion that the one inch section of the heat pipe 
between the evaporator and condenser was adiabatic and at 
men Savuration temperature. If there was a significant 
Emeunt Of heat transfer through this section it would 
introduce some disagreement between the experiment and the 


theory. 


E. COMPARISON OF WORKING FLUIDS 

Potente toner ue LNe tesuilts shown in Figures 10, 11, and 
fPeeerums Using each of the three working fluids were 
conducted at 1400 RPM. As shown in Figure 13, water gave 
M@merieaweican transier rates, and freon 113 the lowest, 
fom CiVvVen Saturation temperature. The relatively high 
Meas Of vaporization and high eneray SCSOMaicteivity of Water 


unaoubtedly accounted for this superior performance. 
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The runs at 1400 RPM seemed to give smoother data and 
better agreement with the theory, possibly because 1400 
RPM is an operational speed where there is lower vibration 


in the heat pipe. 


fee COMPARISON OF PRESENT AND PREVIOUS DATA 

The results obtained by Schafer [4] are compared in 
Figure 14 to the present results using the same copper 
condenser filled with water. The most logical explanation 
Poaieicwaliterence Im vhe results is that Schafer had a 
Peeuun t¢ak an his condenser section which allowed non- 
fPemeeidcable eases into the condenser Section, deteriorating 


mee tLoermosyphon performance. 


G. COMPARISON OF COPPER AND STAINLESS STEEL CONDENSERS 

Misco lar! On Of 42 copper condenser section in place of 
the stainless steel condenser used in previous experiments 
resuited in @ Significant increase in the heat transfer 
fewer se amon in Figure 15. This was as expected since 
mace ctMerinal conductivity of copper is considerably greater 
mam cCnal Of Stainless steel. 

MiPmolivGerence in heat transier rate of the two 
@eendensers became larger at higher rotational speeds. This 
miwmoereowec pected Since the condensate film is thinner at 
these higher speeds making the wall resistance a more 
fe omttlecant pert of the total thermal resistance across 


The condenser. 
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H. TRANSIENT RESPONSE 

The transient response of the vapor temperature to a 
two Kilowatt step change in evaporator power is presented 
in Figures 16 and 17. One would expect a more rapid response 
at Ailoner Revavaonal Specds cue Go better condensation but 
the plots of vapor temperature versus time show that the 
response at 2800 RPM is much slower than at 700 RPM. One 
possible explanation of this effect is that entrainment 
effects might be more predominant at the higher rotational 
weeedo, slowing down the returning condensate and therefore 


the whole cycle. 


LT. DROPWISE CONDENSATION 

Two separate runs were devoted to the study of dropwise 
eondensation. A comparison of these two runs and a filmwise 
memcensation run is presented in Figure 18. The increase in 
heat transfer rate achieved by going from filmwise to drop- 
wise condensation was as anticipated. While the repeatability 
Sereune dropwise condensation data was not expected to be as 
good as in the filmwise case, the large differences between 
the dropwise runs were surprising. 

These differences were almost surely the result of 
mgeencistent application of the promoter. The nature of 
mee silicone grease made it difficult to apply evenly with 


any degree of consistency. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


perc ONclEus LONS 

iteteearvoesc Veh lo come lcaomc lO be drawn from the 
experimental results. First the presence of noncondensable 
Bases in' the thermosypnon reduces the heat transfer rate, 
agepending upon the volume of noncondensable- gas present. 
mosemmeric Cieccusvor tuese Moncondensables are more 
Preomemiced 2@tehieher rotational speed. 

There is reasonable agreement between theory and experi- 
[i Weeor Worming@ 1luids water, ethanol and freon 113. This 
agreement improves as the rotational speed increases. 

The highest heat transfer rates are achieved using water 
PoemeiewvOrcwine 2iuid and freon l]3 gives the lowest heat 
Mmeaitcierwraces. Ihe heat transfer rate 1s higher for the 
copper condenser than for the stainless steel condenser. 

Promoting dropwise condensation greatly increases the 
Meaueuransier rate of the thermosyphon. However, a more 
reliable means of promoting dropwise condensation is needed 
before a valid comparison of dropwise and filmwise condensa- 


Tion can be made. 


B. RECOMMENDATIONS 

There are several interesting areas for further work 
Sumune cnermosyphon. some of them are: 

a. Further study of noncondensable gas effects from 


Peeoma tnecoretical and experimental approach. 
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Further investigation of the condenser corner 
effect and incorporation of surface tension effects 
into the theoretical model. Also the shape of the 
COornmer ©Coula be changed and ats effect on the 
experimental results noted. 

Further investigation of dropwise condensation with 
Specialwchipnacis om fanding a2 food promoter and 
GCiLevirtie Trepeacal Lemos mars . 

Further study of transient response for all three 


working fluids under various conditions. 





APPENDIX A 


UNCERTAINTY ANALYSIS 


The method of Kline and McClintock [9] was used to 
estimate the uncertainties in the experimental heat transfer 


rates. The basic equations used were: 


dn = mh Cy AT 
Wi ain Cy ATi 
ae Gin 7 And 
where 
dn 2orcwwme “UNCerrecuce heat transter rate 
qui Seaver ical so! er rate due to extraneous SOuUcces ou 
Pe@immoveloas bearing Trictlon, etc. 
qo —weorrecreda heat transier rate 
m = mass rate of flow of the cooling water 
C., sesooccti ae Neat Of the cooling water 
aT = the change in temperature of the cooling water 
AT, = the change in the temperature of the cooling 


water caused by extraneous heat sources 


foo wsuosecripced w's tO indicate the uncertainties, 
meme fraccional uncertainty in the uncorrected heat transfer 


ibe 15 given by: 





De 





Uhemicacuuenal Uncertainty in the extraneous heat 


transfer rate is calculated by the same kind of equation: 





iMemUnMicetvanmEy am Ene corrected Neat transfer rate is 


given by: 





The specific heat of the cooling water and its 
associated uncertainty were considered constant throughout 


the tests. 


ieee TU Lom °F 


O 
ll 


—IoO¢erelUy7 om — bf 


=, 
1) 


ia -miosomi OW race Ol CRe cooling water was set to the 
meme Value tor each run, therefore the uncertainty in this 


mass flow rate was always the same. 


m = 1094 lbm/hr 
ae 220) Mena Aaeg 
AT and AT Verdted cCONSLOecrably buy since these values 


lek 
both depended on readings taken from the cooling water inlet 
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Homour het thermocouples, the uncertainties for both 


values were the same. 


W ieee), Dae cote 


W eet ep et 


The following is a sample error analysis calculation 


at 700 RPM and 3.984 KW input power where: 


= 13,784 BTU/hr 
m = 1094 1bm/hr 
Ger = CU BITU/ ibm °F 


ieee ec 


> 
r 
I 


a ee eeteete 2 er eee 


q W. We os 
— = | (Pye + (=B)e + (ee 
. p 





W 
ap D O02R 2 
13,785 ~ (55) 4 ca oO 5 a (S+45)° 
W = 


13,784 [0005901 
Gp 


334.8 BTU/hr 


= 
i 


PO@eemwis rn, 1 Was determined that the heat transfer 
due to extraneous sources was: 


Atl ao > 


eee. 0) BTU/hr 





therefore 





_ eae ,002,2 ine? 
Wa, = | tog + CT + Ca 
\ 
W = 815.0 | 072407 
Gh) 
Ww = 4219.3 BTU/hr 
thd 


Poo 


wo. = W W 
Lo | Om Chi 


| Get eine. 2) - 
Ge 
, / 160183.53 


= 
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=, 
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4 O..2° 300 /hr 


= 
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Meimiem@eresymNe Neal Lranster rate at this data point is 


12,969 BTU/hr + 400 BTU/hr. 
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